Gas-liquid chromatography of cellular fatty acids was used in automatic identification of clinical bacterial isolates. The intraspecies variation in the occurrence of fatty acids and the variation in the relative gas-liquid chromatography peak areas of different fatty acids were evaluated and compared with the relative peak areas of these acids. A new chromatogram comparison method involving the use of an exponential function was developed to adjust to data variation optimally. This method was compared with several previously published methods of correlation analysis with data from representative clinical bacteriological isolates. The efficacies of the methods in separating different bacterial species into distinct clusters were compared. The new exponential function method was superior to the others both in its ability to separate species into different clusters and in giving a greater degree of identity to strains within a proper cluster. The results indicate that the gas-liquid chromatography of bacterial cellular fatty acids can be used effectively in the identification of clinically isolated bacteria. However, the usefulness of the analysis depends on the comparison method used and on its ability to cope with data variations.
One of the main goals of clinical bacteriological analysis is accurate identification of bacterial isolates. This serves two purposes: taxonomic identification of species and comparisons between new and previous isolates. In addition to classical identification methods, based mainly on demonstrations of differences in the metabolic pathways of different species, methods have been developed which identify bacteria according to chemical compounds present in the bacterial cells (11) . The main advantages of these methods are increased speed of analysis, since there is no need to cultivate the bacteria any further, and the possibility of identifying bacteria which are no longer viable. Several groups of compounds are used for identification. Among the most often used are certain enzymes, DNA, membrane lipopolysaccharides, carbohydrates, proteins, and bacterial fatty acids (11) . The usefulness of the various compounds in this respect depends both on the taxonomic effect of differences in their occurrence and on the speed and simplicity of the analytical methods. In this respect, fatty acid analysis seems to be one of the most promising methods (11, 12) .
Gas-liquid chromatography (GLC) of bacterial cellular fatty acids (5, 12 ) is a versatile method, allowing the identification of the vast majority of isolates. However, chromatograms involve the problem of comparison of multivariate recordings. To be useful in a clinical microbiological laboratory, data processing should be automatic. Although computerized taxonomy has been studied extensively (3, 16) , the optimal way of applying a computerized comparative analysis of cellular fatty acid data to bacterial identification has not yet been determined. This is especially true of the identification of clinical isolates.
In the present study we collected isolates of clinically important strains and analyzed the occurrence and relative abundance of cellular fatty acids by GLC. We developed a new analytical GLC method which accounts for the varia-* Corresponding author.
tions in the data and thus permits optimal distinction between species. The new exponential function method was compared with several previously known chromatographic comparative methods.
MATERIALS AND METHODS
Bacterial strains. The composition of bacterial fatty acids and its reproducibility within various species were analyzed by using strains of 12 species. The species tested were Bacteroides fragilis (66 strains), B. vulgatus (15 strains), B. thetaiotaomicron (17 strains), Staphylococcus aureus (17 strains), S. epidermidis (20 strains), S. hominis (13 strains), Clostridium perfringens (19 strains), C. difficile (56 strains), Listeria monocytogenes (10 strains), Escherichia coli (13 strains) , Yersinia enterocolitica serotype 03 (12 strains), and Pseudomonas aeruginosa (15 strains).
The strains were clinical isolates that were identified by standard clinical microbiological practices. These included growth and colony morphology on different media (menadione-cysteine-enriched brucella blood agar with and without neomycin, bacteroides bile esculin agar, cefoxitin cycloserine fructose agar, and blood agar); Gram staining (in some cases combined with the KOH test [6] (4) , correlation coefficient (2, 9, 10), the similarity index based on angle separation vectors (8) , the Stack method (17), the Spearman coefficient of rank correlation (4) , and the similarity index based on overlap of fatty acid profiles (1) . In addition, derivatives of the existing methods were produced to study how different factors affect the results. These methods included a variation of the Stack method that compared peak areas with weighted peak sizes, and a variation of the similarity index based only on the presence of the peaks, with or without weighting peak areas. The methods used and their formulas are described in the appendix, which also contains a new exponential function method developed on the basis of the results of the present study. Details of the method are described in Results.
The efficacy of various correlation methods was tested by using groups of 12 species with 6 strains in each (total, 72 strains). The species were selected to include groups which either showed clear qualitative and quantitative differences in their fatty acid profiles or differed only in the amounts of their fatty acids.
The results of the correlation analyses were stored on the computer as similarity index matrices. These were further analyzed by using the weighted pair-group cluster analysis of the arithmetic averages method (14, 15) and are presented as dendrograms for comparison of the clustering efficiencies of the various methods. The following parameters (see Table 1) were calculated for each method to compare their efficacies: the average clustering level within species (ACL), which is the average value of the lowest clustering levels of each species; the intrafamilial clustering index (CI) for the Bacteroides, Staphylococcus, Clostridium, and enterobacterial species, which is equivalent to the ratio of the ACL of the corresponding species and the lowest level of clustering between the same species (this showed the ability of the methods to separate between the corresponding species); the number of strains placed outside their proper clusters; and the number of strains allocated into the wrong clusters.
RESULTS AND DISCUSSION
Bacterial fatty acid composition. Figure 1 shows the average cellular fatty acid compositions and standard deviations within species for the tested strains. In general, both the occurrence of the various fatty acids and their amounts seemed constant within each species. Thus, the reproducibility of the fatty acid data was high enough for bacterial identification. The observed variation was due to differences between different strains. If the same strain was cultured and analyzed repeatedly, the results were practically identical.
Figures 2 and 3 show the prevalence of individual fatty acids and their variation in peak area. The peak areas are presented as percentages of the total fatty acid peak areas. The prevalence of the fatty acids and their coefficients of variation [CVs, calculated as (standard deviation/mean) x 100] are plotted against the mean peak area of each individual fatty acid in each species. No difference was found between different species or different fatty acids in their prevalence or CVs (data not shown). Thus, all individual fatty acids of all 12 tested species are plotted together. If the mean fatty acid peak area was .5% of the total area, the peak was present in almost 100% of the strains of the species. Below that level the prevalence began to decrease, so that if the peak area was <1%, a prevalence of 100% was never seen within a species for any fatty acid tested (Fig. 2) . Peak area CVs were inversely correlated with mean peak areas. If the mean peak area was above 1%, CVs were about 30%. When the mean peak area exceeded 10%, CVs decreased gradually, approaching values of 5 to 10%. At mean peak sizes below 1%, CVs were almost constantly above 100% (Fig. 3) . These findings formed the basis for the required characteristics of the developed comparison function.
Development of the new comparison function. A crucial point for effective comparison of fatty acid profiles was found to be the possibility of adjusting the method according to variations in the prevalence and amount of the acids. The results showed that for strains of the same species, the reproducibility of peak prevalence and area was very good (prevalence, 100%; CV, <25%) with peaks greater than 5% of the total area and poor (prevalence, <50%, CV, >100%) with peaks less than 1% of the total area ( Fig. 1 to 3) .
The following initial procedure was used in the analysis. A similarity value was first calculated for each peak pair in the two strains to be compared. We had to decide whether to weight the comparison by peak areas. Weighted or unweighted peak areas could be used for comparison. If the peak area was not weighted, the similarity index was calculated directly as an average of individual peak similarity values (see the equation below). If the peak area was used as an impact factor for the result, the similarity index was calculated as a weighted average of peak similarity values by using the relative areas of the peaks. Figure 4A shows a function reflecting the peak similarity value when it is calculated plainly as the ratio of peak areas (XlkIXjk). In Fig. 4A the ratio is inverted so that the value is always greater than or equal to 1. A characteristic of the curve is that the drop of the similarity index is highest at peak ratio values just higher than 1. The approximate CV range, 0 to 30%, reflecting the observed variation of fatty acid peak areas within a species, is in the area of the curve at ratio values between 1 and 1.3. (Two peaks with a 30% difference in their sizes give a ratio of 1.3 .) It is just this area on the XÎkIXjk curve that shows the highest drop of the function. Thus, the use of the plain peak area ratio is too heavily influenced by variations in fatty acid peak areas.
To eliminate this effect, we developed an exponential function which would show a minimal change in the above area and then drop rapidly, since variations greater than 30%, especially in large peaks (Fig. 3) , always signify a lack of identity between the species. Thus, the function was developed so that it allowed a certain amount of peak area variation with a minor impact on the similarity index. When two samples, x, and xj, were compared, each peak in x1 was compared with the corresponding peak in xj. If the same peak was found in both samples, the relative amounts were compared by using the function ftxlklxJk). If the values were equal, the value of ftxlklxjk) was 100. If the peak was absent in curve xj, the value was 0. If differences occurred in the amounts of the peaks, the value was between 100 and 0. The constants k1, k2, and k3 controlled the effect of peak area difference on the similarity coefficient. Figures 4B and C show the effects of coefficients k2 and k3 on the peak similarity value. The constant k2 moved the curve in a left-right direction, determining the length of the lag period before the increase in the peak area ratio began to decrease the similarity index. The constant k3 affected the slope of the curve, determining how rapidly the function decreased after the lag period. With k1 values from 0 to 10, the slope of the decreasing part of the function changed from an almost horizontal position (Fig. 4B, curve a) to an almost vertical one (Fig. 4B, curve b) . Analyses of about 4,500 strains of normal clinical isolates gave the following optimal values, which were obtained empirically: k1 = 50, k2 = 0.25, k3 = 6.0. Figure 4D shows the shape of the function based on these selected values.
The fxIIIxjk) value was further multiplied by the relative peak areas, Xk and Xjk, to weight the effects of metabolites according to their peak areas. Thus, the similarity coefficient, Cf, was 100 if the two chromatograms were identical, irrespective of the numbers of peaks and their absolute areas. If the formula was used without weighting the peaks according to their sizes, it took the following form:
Comparison of the different data processing methods used for species identification. Figure 5 shows tree graphs that present the results of the correlation and subsequent cluster analysis ofthe 72 strains ofthe 12 species by the 10 methods. Table 1 shows the calculated index values for each method.
The ACL, calculated as the mean of the lowest clustering levels of each species, reflected how small the variation was within species, optimally 100. There was no marked difference in ACL among the methods. However, the Stack method was poorest in this respect. The species-specific CI values showed the ratio between the ACL (calculated separately for the three Bacteroides species, the three Staphylococcus species, the two enterobacterial species Y. enterocolitica and E. coli, and the two Clostridium species) and the mean clustering level at which these species were separated from each other. Thus, values close to 1.0 showed a complete inability to separate species. The further the values were below 1.0, the better was the ability to separate species. These intrafamilial index values must be compared with the numbers of species placed outside their own clusters, which tended to increase as the species-specific CI values improved. On the other hand, the number of species misallocated increased as the CI values approached 1.0.
None of the analyzed strains was allocated to a wrong cluster by the developed comparison function (method A), which was capable of separating the three Bacteroides species, the three Staphylococcus species, and the two enterobacterial species into separate clusters (with CI values within the range of 0.89 to 0.93). Almost equally good results were obtained with the overlapping method (method B). It misallocated only one strain, and the species separation was slightly lower than with the developed function (the CI ranged between 0.84 and 0.95). The ACL values were, however, not as good (87.5 versus 92.4), showing higher variations within clusters. Another method with relatively good results was the Stack method, if it was modified by weighting the peaks according to peak areas (method C). It misallocated six strains to wrong clusters. The other methods were clearly poorer in their ability to separate species. The correlation coefficient method (method G), the angle separation vector method (method H), and the method determining the peak presence (method F) gave similar results; they all had a marked tendency to combine several clusters. The Spearman rank correlation method (method D) and the methods which compared the presence of peaks (method E), peak size ratios directly (the Stack method [method I]), or peak sizes with the developed function (method J) but without weighting the peak areas all showed similar results, with several strains placed outside their own clusters. They also showed low ACL values.
The developed comparison function with weighted peak areas (method A) and the overlapping method (method B) were clearly superior to the others. These were further tested for their ability to separate numerous Staphylococcus and Bacteroides strains. Of 75 S. aureus, S. epidermidis, and S. hominis strains, 60 and 54 were allocated correctly by the exponential function method and the overlapping method, respectively. Of 113 B. fragilis, B. thetaiotaomicron, and B. vulgatus strains, 97 were allocated correctly by the exponential function method. The overlapping method allocated 86 strains correctly. This difference was due to the inability of the overlapping method to distinguish between B. thetaiotaomicron and B. vulgatus strains, which were distributed among several closely related subclusters (data not presented).
Clearly, if GLC is used for identification, a computer program must be available for comparison of the fatty acid profiles. Several methods have been published for the correlation analysis of chromatographic data (1). However, to our knowledge, no studies have been published that compare the efficacy of various methods in identifying clinical isolates. The results of the present study show that comparison of GLC data, without an optimal comparison procedure, may not lead to adequate identification of species. The new exponential comparison function was developed to adjust to the variation of chromatographic data. In the present study no false clustering and a high ACL were seen. The good results in comparison with other methods evidently de- pended on selecting a shape of the discriminant function which filtered out the noise included in the data but not the parts relevant to correct identification. xi and xj are mean percentage peak areas of organisms l and j; and n is the number of different peaks in two compared organisms.
